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The objective of this study was to determine the effect of inclusion of polyethylene glycol (PEG 8000) 
during in vitro incubation on gas production kinetics, organic matter digestibility (OMD) and the 
metabolisable energy (ME) content of foliage from the tannin containing tree species, Pistica lentiscus, 
Arbutus andrachne and Juniperus communis. The amount of gas produced when the foliage was incubated 
with buffered rumen fluid, was determined after 0, 3, 6, 12, 24, 48, 72 and 96 h of incubation in the presence 
of PEG at inclusions rates of 15, 30, 60 and 90 mg and in the absence of PEG. Their kinetics were described 
using the equation p = a + b (1-e-ct). Addition of PEG resulted in an increased gas production at almost all 
incubation times in all tree species. However species showed variable responses. After 3 h of incubation the 
PEG addition showed no significant effect on gas production when the foliage from A. andrachne was 
incubated, but had a significant effect on gas production as duration of incubation extended. The increase in 
gas production in response to increased levels of PEG inclusion was linear for P. lentiscus and J. communis. 
However, when the PEG inclusion rates exceeded 60 mg there was no significant increase in gas production 
when A. andrachne was incubated. The estimated parameters such as gas production rate(c) and gas 
production (a) from the immediately soluble fraction were not affected by the level PEG treatment, except 
that PEG addition at 90 mg had a significant effect on the gas production (a) from immediately soluble 
fraction of leaves of J. communis. Gas production (b) from the insoluble fraction (mL) and potential gas 
production (a+b), OMD and ME of tree leaves increased significantly with increasing levels of PEG 
addition. However, when PEG inclusion exceeded 60 mg these parameters showed no significant increase 
when leaves from A. andrachne were incubated. Although the mean increase in OMD per mg PEG 
supplementation was 0.131 digestibility units, the increase in ME per mg PEG supplementation was 0.0201 
ME units. The elevated levels of gas produced, and increased OMD and ME estimates with the inclusion of 
PEG demonstrated the negative effect of tannins in foliage on digestibility.  
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Trees and shrubs have been used for generations as multipurpose resources in many parts of the world 
(Smith, 1992). Tree foliage is an important component of diets for goats, cattle, deer, game and sheep 
(Holechek, 1984; Papachristou & Nastis, 1996) and plays an important role in the nutrition of herbivores in 
areas where few or no alternatives are available (Meuret et al., 1990). Tannins are phenolic compounds 
which occur commonly in higher plants. They are heterogeneous in composition, and their chemical nature is 
not known in all cases (Barroso, 2001). Moderate levels of tannins may prevent bloat and increase the 
proportion of protein escaping ruminal degradation and thus increase the proportion of dietary amino acids 
that becomes available for digestion in the small intestine (Salunkhe et al., 1990). This could improve the 
utilization of the essential amino acids in a diet (Waghorn et al., 1987). However, the utilization of tree and 
shrub leaves by herbivores is restricted by anti-nutritional factors such as a high tannin content which defend 
or protect the plant against predation (Provenza, 1995). Tannins act within the digestive tract of animals by 
binding substrates that could have been digested (usually proteins, carbohydrate and lipids), inhibiting the 
action of digestive enzymes or exerting anti-microbial effects in the digestive tract (Scalbert, 1991). High 
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levels of tannins in leaves restrict the nutrient utilization by herbivores and decrease voluntary food intake, 
nutrient digestibility and N retention (Kumar & Vaithiyanathan, 1990; Silanikove et al., 1996).  
Polyethylene glycol (PEG) can form a stable complex with tannins thereby preventing the binding 
between tannins and proteins (Bandran & Jones, 1965). Therefore, PEG has been used widely to reduce the 
detrimental effect of condensed tannin (CT) in ruminant diets (Barry, 1989; Silanikove et al., 1994; Pritchard 
et al., 1998; Jones et al., 2000). However, PEG supplementation to diets containing tannins does not give a 
similar response with all forages due to differences in the chemical composition of the tannins in forages 
(Jones & Palmer, 2000).  
Leaves from tannin containing tree species, Arbutus andrachne, Pistica lentiscus and Juniperus 
communis have been used extensively to meet the nutrient requirements of ruminants in Turkey during the 
critical periods of the year when quality and quantity of pasture herbages are lacking.  The objective of this 
study was to determine the effect of including PEG during the incubation of the foliage from these species in 
an in vitro gas production study and on some parameters of nutritive value, viz. organic matter digestibility 
(OMD) and metabolisable energy (ME) levels.   
 
Materials and Methods 
Leaves from A. andrachne, P. lentiscus and J. communis were harvested in August in the vicinity of 
the city Kahramanmaras in the south of Turkey. The area is located at an altitude of 630 m above sea level. 
The mean annual rainfall and temperature are 857.5 mm and 16.2 °C, respectively. Leaves were hand-
harvested from at least 10 different trees from each species within three sub-plots of 20 x 20 m and oven-
dried at 60 °C for 48 h (Abdulrazak et al., 2000).  
All chemical analyses were carried out in triplicate. Dry matter (DM) content was determined by 
drying the samples at 105 °C overnight and ash content by igniting the dry sample in a muffle furnace at  
525 °C for 8 h.  Nitrogen (N) content was measured by the Kjeldahl method (AOAC, 1990) to calculate 
crude protein (CP) as N x 6.25. Acid detergent fibre (ADF) levels of the leaves were determined, using the 
method of Van Soest et al. (1991). Total CT, bound CT and soluble CT were determined by the butanol-HCl 
method, as described by Makkar et al. (1995). Mimosa tannin (MT; Hodgson Chemicals Ltd. London, UK) 
was used as an external standard. 
Forage samples, milled through a 1 mm sieve, were incubated in buffered rumen fluid in calibrated 
glass syringes, according to the in vitro gas production procedure of Menke & Steingass (1988).  Rumen 
fluid was obtained from three fistulated sheep fed twice daily on a diet containing lucerne hay (60%) and a 
concentrate (40%). A foliage sample of 0.2 g DM was weighed in triplicate in the calibrated glass syringes of 
100 mL in the presence of 0 (control without PEG) and 15, 30, 60 and 90 mg PEG (MW 8000).  The 
syringes were prewarmed at 39 °C before 30 mL of a rumen fluid-buffer mixture (at a ratio of 1 : 2) was 
injected into each syringe followed by incubation in a water-bath at 39 °C. Readings of gas production were 
recorded before incubation (0) and after 3, 6, 12, 24, 48, 72 and 96 h of incubation. Total gas values were 
corrected for a blank incubation. Cumulative gas production data were fitted to the exponential equation:  
p = a + b (1-e-ct) (Ørskov & McDonald, 1979)  
where p is the gas production at time t; a is the gas production from the immediately soluble fraction (mL);  
b the gas production from the insoluble fraction (mL); c the gas production rate constant; a + b = the 
potential gas production (mL); t = incubation time (h).  
Metabolisable energy content of tree leaves was calculated using the equation of Menke et al. (1979): 
ME (MJ/kg DM) = 2.20 + 0.136 GP + 0.057 CP + 0.0029 CP2  
where GP = 24 h net gas production (mL/200 mg); CP = crude protein.  
The OMD of the leaves was calculated using the equation of Menke et al. (1979):  
OMD (%) = 14.88 + 0.889 GP + 0.45 CP +0.0651 XA 
where XA is the ash content (%). 
One-way analysis of variance (ANOVA) was carried out to determine the effect of PEG treatment on 
in vitro gas production kinetics, using the General Linear Model (GLM) of Statistica for Windows (1993). 
Significance differences between individual means were identified using Tukey’s multiple range test (Pearse 
& Hartley, 1966). Mean differences were considered significant at P < 0.05. Standard errors of means were 
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calculated from the residual mean square in the analysis of variance. A simple regression analysis was used 
to establish the relationship between the dose of PEG supplementation and OMD or ME. 
 
Results  
The proximate chemical composition and CT concentrations of the foliage from the tree species are 
presented in Table 1. Generally, considerable variations were recorded between species in terms of chemical 
compositions. The CP levels of the leaves ranged from 57.3 to 102.4 g/kg DM.  The ash content ranged from 
57.3 to 75.3 g/kg DM and ADF concentrations from 318.5 to 342.1 g/kg DM.  
 
Table 1 Mean chemical composition (g/kg DM) of leaves from three different tree species 
 
Tree species  Arbutus andrachne Pistica lentiscus Juniperus communis s.e.m. P 
Dry matter 962.3 b 949.6 a 962.3 b 1.599 *** 
Ash 68.5 b 57.3 a 75.3 c 0.604 *** 
Crude protein 74.1 a 97.2 b 102.4 c 0.408 *** 
Acid detergent fibre 332.7 ab 318.5 a 342.1 b 4.255 * 
Total condensed tannin 136.2 a 163.3 b 187.5 c 2.948 *** 
Bound condensed tannin 36.4 b 28.4 a 165.7 c 1.547 *** 
Soluble condensed tannin 100.3 b 132.2 c 22.4 a 0.759 *** 
      
a b c Row means with common superscripts do not differ (P > 0.05); s.e.m. - standard error of mean   
* = P < 0.05; *** = P < 0.001 
 
 
Table 2 The effect of polyethylene glycol (PEG) on in vitro gas production (mL) of foliage from Arbutus 
andrachne, Pistica lentiscus, Juniperus communis when incubated with buffered rumen fluid 
 
PEG inclusion rate (mg) Duration of 
incubation (h) 0 15 30 60 90 s.e.m. P 
A. andrachne        
3 20.7 22.0 23.0 23.0 23.1 0.545 NS 
6 29.5 a 33.0 b 34.8 bc 35.7 c 36.3 c 0.523 *** 
12 39.2 a 43.3 b 45.5 bc 47.8 cd 48.7 d 0.610 *** 
24 44.7 a 50.7 b 53.7 c 57.8 d 59.7 d 0.614 *** 
48 52.2 a 58.0 b 61.7 c 64.7 d 67.0 d 0.591 *** 
72 56.8 a 62.5 b 66.3 c 70.2 d 71.8 d 0.636 *** 
96 61.2 a 65.3 b 69.0 bc 72.2 cd 73.8 d 0.799 *** 
P. lentiscus        
3 23.5 a 24.5 ab 26.3 c 27.2 cd 28.3 d 0.428 *** 
6 32.0 a 32.5 a 37.2 b 39.6 c 40.7 c 0.288 *** 
12 41.0 a 43.8 b 45.8 bc 48.3 c 52.2 d 0.623 *** 
24 50.0 a 53.7 b 55.0 bc 56.8 c 62.5 d 0.401 *** 
48 54.0 a 57.3 b 62.5 c 65.3 c 70.7 d 0.683 *** 
72 61.0 a 63.3 a 67.9 b 70.2 b 76.2 c 0.521 *** 
96 64.3 a 66.3 a 71.7 b 73.3 b 80.2 c  0.542 *** 
J. communis        
3 21.3 a 22.8 ab 23.5 ab 24.8 b 28.2 c 0.505 *** 
6 29.2 a 30.5 a 34.2 b 35.7 bc 38.2 c 0.552 *** 
12 38.8 a 42.0a 45.8 b 51.2 c 51.8 c 0.687 *** 
24 48.8 a 51.2 b 54.3 c 58.3 d 63.7 e 0.401 *** 
48 49.5 a 54.7 b 60.0 c 65.0 d 70.5 e 0.415 *** 
72 54.7 a 60.2 b 65.0 c 68.7 d 75.7 e 0.394 *** 
96 59.8 a 63.3 b 68.4 c 72.5 d 78.2 e 0.545 *** 
        
a b c Row means with common superscripts do not differ (P > 0.05); s.e.m. - standard error of mean;  
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Addition of PEG resulted in increased gas production during almost all incubation times in all tree 
species used in this experiment (Table 2). However, variable responses between tree species were recorded.  
After 3 h of incubation the PEG addition had no significant (P > 0.05) effect on gas production of  
A. andrachne but the addition of PEG had a significant effect (P < 0.001) on gas production as incubation 
times increased. Positive linear responses were recorded between level of PEG inclusion and volume of gas 
produced when foliage from P. lentiscus and J. communis was incubated.  When PEG inclusion rate 
exceeded 60 mg, no significant (P > 0.05) increase in gas production was recorded for the incubation of 
foliage from A. andrachne.  
After 96 h of incubation the increases in gas production above the control due to the inclusion of 90 
mg PEG were 20.6, 24.7 and 30.8% for A. andrachne, P. lentiscus and J. communis, respectively (Table 2). 
The effects of PEG on gas production kinetics, OMD and ME levels of P. lentiscus, A. andrachne and  
J. communis are presented in Table 3. PEG inclusion had no effect (P > 0.05) on gas production rates(c), nor 
on gas production (a) from the immediately soluble fraction, except that PEG addition at 90 mg affected the 




Table 3 The effect of polyethylene glycol (PEG) supplementation on gas production kinetics, organic matter 
digestibility (OMD) and metabolisable energy (ME) of foliage from Arbutus andrachne, Pistica lentiscus 
and Juniperus communis 
 
 PEG inclusion rate (mg) 
 0 15 30 60 90 s.e.m. P 
        
A. andrachne        
c 0.099 0.107 0.106 0.104 0.099 0.003 NS 
a 3.4 2.9 3.0 2.7 2.7 0.317 NS 
b 52.2 a 57.7 b 60.8 c 65.3 d 67.4 d 0.660 *** 
a+b 55.6 a 60.7 b 63.8 c 68.0 d 70.1 d 0.635 *** 
OMD (%) 56.0 a 61.4 b 64.0 c 67.7 d 69.4 d 0.545 *** 
ME (MJ/kg DM) 8.9 a 9.7 b 10.1 c 10.6 d 10.9 d 0.082 *** 
        
P. lentiscus        
c 0.106 0.110 0.107 0.114 0.106 0.003 NS 
a 3.6 3.2 4.2 3.9 4.1 0.295 NS 
b 55.1 a 58.2 b 61.6 c 63.9 d 70.1 e 0.431 *** 
a+b 58.7 a 61.4 b 65.8 c 67.8 c 74.2 d 0.466 *** 
OMD (%) 61.2 a 64.4 b 65.6 c 67.3 c 72.3 d 0.356 *** 
ME (MJ/kg DM) 10.0 a 10.5 b 10.6 c 10.9 c 11.6 d 0.053 *** 
        
J. communis        
c 0.114 0.109 0.110 0.116 0.105 0.003 NS 
a 2.4 a 2.9 a 2.7 a 2.2 a 3.8 b 0.156 *** 
b 51.7 a 55.7 b 60.6 c 65.3 d 70.0 e 0.356 *** 
a+b 54.2 a 58.6 b 63.3 c 67.5 d 73.8 e 0.387 *** 
OMD (%) 59.4 a 61.5 b 64.3 c 67.9 d 72.6 e 0.356 *** 
ME (MJ/kg DM) 9.3 a 9.6 b 10.0 c 10.5 d 11.3 e 0.054 *** 
        
a b c Row means with common superscripts do not differ (P > 0.05); s.e.m. - standard error of mean; *** = P < 0.001;  
NS - non significant (P > 0.05) 
c - gas production rate (%); a - gas production (mL) from quickly soluble fraction; b - gas production (mL) from the 
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Gas production (mL) from the insoluble fraction (b) and potential gas production (a+b) increased with 
increasing inclusion rates of PEG (Table 3). However, there were no significant (P > 0.05) increases in the 
same parameters of leaves from A. andrachne when the PEG inclusion rate exceeded 60 mg.  
The PEG addition also increased the OMD and ME values of tree leaves with increasing levels of PEG 
addition. The increases in OMD values of leaves from A. andrachne, P. lentiscus and J. communis were 
13.3, 11.1 and 13.2 digestibility units, respectively when PEG inclusion rate was 90 mg while the increases 
in ME values of leaves were 2.4, 1.67 and 2.0 ME units, respectively. 
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Figure 1 The relationship between dose of PEG supplementation and organic matter digestibility of foliage 
from the three tree species 
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Figure 2 The relationship between dose of PEG supplementation and metabolisable energy of foliage from 
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The relationships between level of PEG and OMD or ME values are given in Figures 1 and 2. The 
OMD of tannin containing tree leaves increased with increasing levels of PEG. The mean increase in OMD 
per mg PEG supplementation was 0.131 digestibility units. The ME of tannin containing tree leaves also 
increased with increasing levels of PEG. The mean increase in ME per mg PEG supplementation was 0.0201 
ME units.  
 
Discussion  
Leaves from P. lentiscus, A. andrachne and J. communis had low CP concentrations compared to 
Acacia species (Rubanza et al., 2005). Therefore, herbivores consuming these leaves should receive 
supplemental protein from other sources. The chemical composition of P. lentiscus was similar to that 
reported by Decandia et al. (2000). However, the total CT content of P. lentiscus was lower than that 
reported by Decandia et al. (2000) and Silanikove et al. (1996). 
Optimal utilization of CP in browsable leaves could be limited by high concentrations of CT (50 g/kg 
DM) due to chemical complexes that are formed between CT and dietary nutrients. The mechanism of 
dietary effects of tannins might be understood by their ability to form complexes with proteins. Tannins may 
form a less digestible complex with dietary proteins and may bind and inhibit the actions of endogenous 
protein, such as digestive enzymes (Kumar & Singh, 1984). Tannin can adversely affect microbial and 
enzyme activities in the digestive tract of ruminants (Singleton, 1981; Lohan et al., 1983; Barry & Duncan, 
1984; Makkar et al., 1989). In tree leaves significant amounts of the tannins are present in the NDF and ADF 
fractions, where they are tightly bound to the cell wall and cell protein, and seem to be involved in 
suppressing digestibility (Reed et al., 1990). In ruminants, dietary CT levels of between 2 – 3% have been 
shown to exert beneficial effects in the form of a reduction of wasteful protein degradation in the rumen 
through the forming of non-degradable protein-tannin complexes (Barry, 1987).  
Some studies clearly showed that PEG supplementation to diets containing tannins increased the 
volume of gas produced and total volatile fatty acid production (Getachew et al., 2001; 2002; Seresinhe & 
Iben, 2003). The increase in the gas production in the presence of PEG is suggested to be due to an increase 
in the available nutrients to rumen microorganisms, especially N.  McSweeney et al. (1999) showed that the 
addition of PEG caused a significant and marked increase in the rate and extent of ammonia production in 
the rumen. It has been shown also that the supplementation of PEG at a level of 25 or 50 g per day to goat 
fed lentiks leaves and concentrate markedly increased in vivo DM, OM and protein digestibility. Although 
the improvements in the digestibility of DM and OM were small, the improvement in protein digestibility 
ranged from 25.8 to 34 digestibility units (Decandia et al., 2000). 
Leaves of P. lentiscus, A. andrachne and J. communis did not show similar responses to PEG 
inclusion during the in vitro incubation study. This is possibly due to differences in the chemical composition 
of the tannins they contained. The CT content of A. andrachne was considerably lower than that of  
P. lentiscus and J. communis (Table 3). One possible reason why the gas produced when A. andrachne was 
incubated did not continue to increase when PEG inclusion rates exceeded 60 mg, is that all available CT 
was attached to PEG at PEG inclusion rates below 60 mg.  After 96 h of incubation and at a PEG inclusion 
rate of 90 mg the increases of gas production above the control of incubated A. andrachne, P. lentiscus and  
J. communis foliage were 12.6, 15.9 and 18.4 mL, respectively.  Vitti et al. (2005) found that PEG inclusion 
had a significant effect on total gas production. After 24 h of incubation increases in gas production of 9.4, 
0.0, 6.6 and 40.3% above a control containing no PEG were recorded for coastcross hay, Cajanus, Leucaena 
and Sesbania, respectively (Vitti et al., 2005). In the present experiment the increases above the control in 
total gas production due to PEG inclusion were 20.6, 24.7 and 30.8% for P. lentiscus, A. andrachne and  
J. communis, respectively. This is in agreement with findings of Rubanza et al. (2005) that foliage from 
Acacia species gave different responses to PEG inclusion.  
When PEG was included, the increases in OMD values above the control were 13.4, 11.1 and 13.2 
digestibility units for A. andrachne, P. lentiscus and J. communis, respectively. This is in agreement with the 
findings of Rubanza et al. (2005) who reported that the increase in OMD of leaves from Acacia species due 
to PEG (100 mg) ranged from 10.1 and 49.2 digestibility units. Similarly, Rubanza et al. (2003) reported that 
such an increase in OMD of leaves from browse fodders ranged from 2.1 to 10.2 digestibility units.  
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The inclusion of PEG increased the ME values of A. andrachne, P. lentiscus and J. communis by 2, 
1.6 and 2 ME units above that of the controls, respectively. This result is in agreement with the findings of 
Rubanza et al. (2005) who reported that the increase in ME of leaves from Acacia species due to PEG (100 
mg) ranged from 2.0 to 7.1 ME units. Similarly, Rubanza et al. (2003) reported that PEG inclusion increased 
the ME values of leaves from browse fodders from 0.33 to 1.56 ME units. 
It has been reported that the reduction in CP digestibility is a consequence of CT binding to dietary 
constituents and bacteria, and that CT also reduces attachment of bacteria to plant particles (McAllister et al., 
1994). Thus, an improvement in digestibility could be due to both increased rates and extent of digestion in 
the rumen when PEG was added to a diet containing CT (Waghorn et al., 1994). The effect of PEG also 
depends on the level of proteins in diet. Proteins mimic the effect of PEG. The higher the level of protein in a 
substrate, the lesser is the effect of PEG (Makkar & Becker, 1996). The level of CP in the foliage of 
Mediterranean bushes is often lower than 100 mg/kg DM (Leclerc, 1984) with decreasing trends from spring 
to the following autumn. 
The improvement in gas production, OMD and ME due to PEG inclusion emphasizes the negative 
effect of tannins on digestibility. PEG, a non-nutritive synthetic polymer, has a high affinity to tannins and 
makes tannins inert by forming tannin-PEG complexes (Makkar et al., 1995). PEG can also liberate protein 
from the preformed tannin-protein complexes (Barry & Manley, 1986). 
It has been shown that PEG can be added to tannin containing plant material in in vitro fermentation 
systems to demonstrate the nutritional importance of tannins on OM digestibility and to measure the nutritive 
value of the forage after neutralization (Makkar et al., 1995; McSweeney et al., 1999; Getachew et al., 
2001). However, there is a lack of information about the feasibility of using PEG in tannin rich diets for 
ruminants. It is estimated that 15 mg PEG/tube is required to neutralise 75 g CT/g sample. In other words,  
75 g PEG must be supplemented in the diet per day to obtain a 4 - 5 units improvement in OMD. Therefore, 
it is possible to estimate the feasibility of using PEG in practice by comparing the value of 4 - 5 unit 
improvement in OMD and the extra cost of 75 g /kg feed per day. Assuming a DM intake of 1 kg/day, the 
improvement in OMD corresponds to a feeding of ca. 50 g barley/day.  This is likely to be economical at a 
PEG inclusion of 75 g in the diet per day since the cost of including PEG per day is US$ 1.22/kg feed. The 
PEG supplementation to improve the nutritive value of tannin containing tree leaves should be further 
analyzed in detail to ascertain whether or not it is economical.  
 
Conclusion 
The PEG inclusion had a significant effect on the gas production and estimated parameters such as 
OMD and ME of tree leaves.  The PEG inclusion increased the gas production, OMD and ME contents of 
leaves. The improvement in gas production, OMD and ME with PEG emphasizes the negative effect of 
tannins on digestibility. However tree species showed variable responses on increase in gas production and 
estimated parameters such as OMD and ME.  
The improvement in nutritive value of leaves due to PEG supplementation seems to be lower than 
expected. However, before large scale implementation, further investigations are required to determine the 
effect of condensed tannin on voluntary food intake, animal performance and the profitability of the 
supplementation since some of tree leaves have considerable high condensed tannin content. The success of 
PEG supplementation will depend on cost: benefit ratio. 
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